Objectives:
Introduction
The predominant phospholipase A, activity in myocardium is calcium-independent [l-3] . Utilizing exogenous radiolabeled plasmenylcholine as a substrate, Hazen et al. demonstrated that 15 min of myocardial &hernia resulted in a lo-fold increase in membrane-associated calcium-independent phospholipase A, activity in microsomes from isolated rabbit hearts [ 11. Detection of this increased phospholipase A, activity was entirely dependent on the utilization of exogenous radiolabeled plasmenylcholine substrate, a major myocardial choline glycerophospholipid species with a vinyl-ether linked hydrocarbon chain in the sn-1 position 141. These glycerophospholipids are generically known as 'plasmalogens'. Whether the mjocardial calcium-independent phospholipase A, also shows selectivity for endogenous plasmenylcholine following exposure to ischemia is presently not known.
Because exogenously added phospholipid substrate(s) cannot resemble the complex natural state of the same phospholipidk) in a membrane, the use of the endogenous phospholipids present in intact membranes would be a more appropriate way of studying phospholipase A, activity. We have recently taken this approach to studying l myocardial phospholipase A, activity by utilizing the endogenous choline glycerophospholipid pool as substrate [3] . The activity is monitored by HPLC measurements of four molecular species of choline lysophospholipids, of which one is a lysoplasmenylcholine species. We are therefore able to monitor possible substrate selectivity for plasmenylcholine over phosphatidylcholine. Utilizing this method, a calcium-independent phospholipase A 2 activity in rabbit myocardium has been characterized [3] . Here we report on the activity of this enzyme during myocardial &hernia in isolated rabbit hearts.
lyophilized for 48 h, the atria removed, and the ventricles pulverized using a mortar and pestle. The pulverized tissue was kept at -60°C under nitrogen until assayed. Ventricular tissue from the hearts that were placed in ice-cold saline was cut into pieces of about 200 mg wet weight. The tissue was blotted on paper towels, weighed, and 400-600 mg wet weight tissue was placed in 3 ml ice-cold 100 mM TRIS-HCl buffer (pH 7.0) containing 4 mM EGTA/4 mM EDTA. The tissue was then minced (0.3 X 0.3 cm pieces) with a pair of scissors while in the ice-cold buffer, and the samples were immediately used for analysis of phospholipase A, activity.
Methods

Assay of phospholipase A, activity
L-cu-Lysophosphatidylcholine (LPC)-palmitoyl (lhexadecanoyl-sn-glycero3-phosphocholine), -oleoyl (l-octadec-9'-enoyl-sn-glycero-3-phosphocholine), -stearoyl [loctadecanoyl-sn-glycero-3-phosphocholine), and -1auroyl (1 -dodecanoyl-sn-glycero-3-phosphocholine) were obtained from Sigma (St. Louis, MO). 16:0-Lysoplasmenylcholine (l-hexadec-1'-enyl-sn-glycero-3-phosphocholine) was prepared as previously described [3] . Ethylene glycol-bis( P-aminoethyl-ether)N,N,N',N'-tetraacetic acid (EGTA) and ethylenediaminetetraacetic acid (EDTA) were from Sigma. Mega Bond Elut aminopropyl columns (1 g) were from Varian (Harbor City, CA). All solvents were of HPLC grade and obtained from Burdick and Jackson (Muskegon, MI) or J.T. Baker Inc. (Phillisburg, NJ). All animal experiments conducted conformed to the American Association for Accreditation for Laboratory Animal Care (AAALAC).
Phospholipase A, activity was assayed as previously described (3) . Briefly, 60-70 mg of lyophilized ventricular tissue was rehydrated in 1.5 ml ice-cold 100 mM TRIS-HCI buffer (pH 7.0) containing either 4 mM EGTA/4 mM EDTA or 10 mM CaCI,, and following vortexing for 10 s the reactions were initiated by incubation at 37°C. Reactions were quenched by addition of 4 ml of methanol after the indicated time of incubation, and lipids were extracted according to the method of Bligh and Dyer [5] . Four individual choline lysophospholipid molecular species were then separated and quantitated by reversed-phase HPLC as described previously [3, 6] . Baseline levels of lysophospholipids were determined using lauroyl-LPC as internal standard following extraction of 150 mg lyophilized tissue as previously described [3] .
Preparation of isolated rabbit hearts
New Zealand female white rabbits (= 2.5 kg) were anesthetized using 100 mg/kg sodium pentobarbital (i.p.1. The trachea was intubated, heparin (1000 U/kg) was injected into the vena cava and the heart was perfused in situ via cannulation of the aorta. Each heart was then excised and moved to a Langendorff apparatus where it was perfused with Krebs-Henseleit solution at a constant perfusion pressure (85 mmI-Ig). The Krebs-Henseleit solution consisted of the following ion concentrations: 112.0 mh4 NaCl, 5.0 mM KCl, 1.2 mM MgSO,, 1.0 mM KH,PO,, 1.25 mM CaCl,, 11.5 mM glucose, and 2.0 mM pyruvate. The perfusate was continuously oxygenated with 95% O,-5% CO,. Cardiac temperature was maintained throughout the experiment by submerging the heart in 37°C buffer which was allowed to accumulate in a stop pered heated chamber. Each heart was either made globally ischemic by completely shutting off the perfusate for indicated time or continuously perfused. At the end of each experiment, the heart was either immediately frozen with Wollenberger tongs cooled in liquid nitrogen or immediately placed in ice-cold saline. The frozen hearts were When phospholipase A, activity was assayed in fresh tissue, the reactions were initiated by incubation of the minced tissue (400-600 mg wet weight) at 37°C. Reactions were quenched by addition of 4 ml of methanol, and the lysophospholipids were isolated and extracted as described above. Baseline levels of lysophospholipids were determined after extraction of lysophospholipids from the minced tissue in ice-cold buffer without incubation.
Lysophospholipid metabolism
Lysophospholipids were dissolved in 100 mM TRISHCl buffer containing either 4 mM EGTA/4 mM EDTA or 10 mM CaCl, by sonication with the following concentrations of the individual species: palmitoyl-LPC, 39.9 nmol/ml; oleoyl-LPC, 20.9 nmol/ml; stearoyl-LPC, 30.7 nmol/ml; and 16:0-lysoplasmenylcholine, 49.2 nmol/ml. The amount of added lysophospholipids caused a 6-to lo-fold increase in the baseline levels of the individual species, but despite this increase at baseline the total lysophospholipid level at the end of incubation did not exceed the level seen after 30 min of incubation of control perfused tissue [3] . Lyophilized tissue (30-40 mg) was incubated with 0.75 ml of the lysophospholipid-containing buffer for 15 min at 37°C. The reactions were quenched by the addition of 2 ml of methanol. After addition of the L-LPC internal standard, the final concentrations of the individual species were determined by reversed-phase HPLC as described above. The rates of metabolism were calculated for each lysophospholipid species from the difference at baseline and the difference at the end of incubation comparing tissue incubated with or without addition of exogenous lysophospholipids.
Statistical analysis
All values are expressed as means f standard error of the mean (s.e.m.1. Student's unpaired t-test was used for statistical comparisons between two groups. Results were considered significant for P < 0.05, using a two-tailed t-test. When the content of choline lysophospholipids was measured in lyophilized tissue, 15 min of global ischemia caused no significant change in the myocardial content, but the myocardial content was significantly increased by 38% (P < 0.05) in hearts exposed to 60 min of global ischemia. Qualitatively similar results were obtained when myocardial content of the lysophospholipids was measured in fresh myocardial tissue (Table 1). 3.2. Characterization of calcium-independent phospholipase A, activity in control and ischemic rabbit myocardium Calcium-independent phospholipase A, activity was characterized in lyophilized myocardial tissue samples by incubation of tissue for 15 min in the presence of 4 mM EGTAj4 mM EDTA. Increases in palmitoyl-LPC and 16:0-lysoplasmenylcholine predominated with considerably smaller increases in oleoyl-LPC and stearoyl-LPC ( Table 2) . The phospholipase A, activity in both control and ischemic (15 min of ischemia) myocardium was temperature-sensitive, with about 80 and 40% decreases in rates of choline lysophospholipid accumulation when tissue was incubated at room temperature and at 45"C, respectively ( Table 3 ). The calcium-independent phospholipase A, activity in both the control and ischemic myocardium was pH sensitive with a pH optimum between pH 7.0 and pH 7.5 ( Fig. 1 ). In the presence of 10 mM calcium, the phospholipase A, activity was decreased by about 50% at all pH values studied ( Fig. 1 ). This inhibitory effect of calcium was further demonstrated when control and ischemic myocardium was incubated in the absence and presence of calcium (Table 2) . Table 1 Myocardial content of molecular species of choline lysophospholipids in isolated rabbit hearts exposed to global &hernia Lysophospholipid Experimental Tissue species condition Lyophilized (muol/g dry wt) Fresh (nmol/g wet wt)
Palmitoyl-LPC 3.3. Apparent calcium-independent phospholipase A, activity in ischemic rabbit myocardium Myocardial calcium-independent phospholipase A 2 acTo compare the calcium-independent phospholipase A, tivity was then studied by incubation of lyophilized tissue activity in lyophilized with that in fresh tissue, fresh tissue at 37°C in the presence of 4 mM EGTA/4 mM EDTA.
was incubated in the presence of EGTA/EDTA, and the Time course studies of the accumulation of lysophosphoaccumulation of lysophospholipids was measured. Control lipids during incubation of control and ischemic tissue tissue showed a steady rate of lysophospholipid accumulashowed a linear increase in control tissue for up to 30 min, tion for up to 10 min of incubation in the presence of but a loss of linearity after about 15 min in tissue exposed calcium chelators, but when tissue exposed to 15 min of to 15 min of ischemia (Fig. 2) . When tissue exposed to 60 ischemia was incubated, the activity fell off between 5 and min of ischemia was incubated, the rate of lysophospho-10 min of incubation (Fig. 3 ). Tissue exposed to 60 min of lipid accumulation was about S-fold lower than that of the ischemia showed a lower rate of lysophospholipid accumucontrol tissue and that of the tissue exposed to 15 min of lation compared to control tissue and tissue exposed to 15 ischemia (Fig. 2) . The apparent myocardial calcium-indemin of ischemia (Fig. 3) . The apparent calcium-indepenpendent phospholipase A, activity was not changed after 15 min of global ischemia, but was decreased by 65% in tissue exposed to 60 min of ischemia (Table 2) . dent phospholipase A z activity was estimated after incubation for 5 and 10 min using control and ischemic fresh tissue. Five minutes of incubation revealed no difference in activity between control tissue and tissue exposed to 15 min of ischemia, but when activity was measured after 10 min of incubation, ischemic tissue showed significantly less activity (Table 4) . When fresh tissue from hearts exposed to 60 min of &hernia was incubated for either 5 or 10 mm, the apparent calcium-independent phospholipase A, activity was significantly decreased from control by 88 and 77%, respectively ( Table 4 ). The apparent calcium-independent phospholipase A, activity in the fresh myocardial tissue was considerably lower than the activity in lyophilized tissue (Tables 2 and 3 and 4) .
Lysophospholipid metabolism
To istudy the metabolism of formed lysophospholipids during incubation in the absence and presence of calcium, buffer containing palmitoyl-LPC, oleoyl-LPC, stearoyl-LPC, and 16:0-lysoplasmenylcholine was added to lyophilized tissue prior to incubation of the tissue for 15 min at 37°C. The amount of added lysophospholipids Table 4 Apparent calcium-independent phospholipase A, activity in control and ischemic fresh rabbit myocardium measured as increases in choline lysophospholipids caused respective 5-to lo-fold increases in the baseline levels of the individual species. In control myocardium and tissue exposed to 15 min of ischemia, the exogenously added I-acyl-LPC species were metabolized during incubation in the absence of calcium at a rate close to their net rate of accumulation, whereas 16:0-lysoplasmenylcholine was metabolized at a much slower rate than its net rate of accumulation (Tables 5 and 2 , respectively). However, the rate of metabolism was considerably higher than the net rate of accumulation of all four lysophospholipids in tissue exposed to 60 min of ischemia (Tables 2 and 5 ). The rates of metabolism were not affected by the presence of 10 mM calcium (Table 5 ).
Total calcium-independent phospholipase A, activity in ischemic rabbit myocardium
The total calcium-independent phospholipase A, activity was calculated as the sum of the net accumulation and the calculated rate of metabolism of the individual lysophospholipid species using lyophilized myocardial tissue. Fifteen minutes of ischemia caused no significant change in the activity (Fig. 4) . However, 60 min of Note: Duration refers to the duration of either control perfusion or ischemia. Total phospholipase A, activity in lyophillzed perfused and ischemic rabbit myocardium was measured as the sum of the rate of accumulation and rate of metabolism of each lysophospholipid species. Tissue was incubated for 15 mitt in 100 mM TRIS-HCI buffer containing either 4 mM EGTA/4 mM EDTA or 10 mM CaCl, with or without the addition of the particular lysophospholipid species as described in Methods. Values are meansfs.e.m.; n = 4 hearts. N.D. = not determined. l P < 0.05 vs. 15-min Perfused. ' P < 0.05 vs. EGTA/EDTA.
ischemia caused a significant decrease in the total calcium-independent phospholipase A, activity. The decreases observed in total calcium-independent phospholipase A, activity were significant only for palmitoyl-LPC and 16:0-lysoplasmenylcholine (Table 6 ). In the presence of 10 mM calcium, the total myocardial phospholipase A, activity was not changed in tissue exposed to 15 min of ischemia or in tissue exposed to 60 min of ischemia.
Discussion
These studies evaluated the effects of global ischemia in isolated rabbit hearts on myocardial choline lysophospholipid content and calcium-independent phospholipase A z activity. The calcium-independent phospholipase A, activity was studied by measuring the accumulation of four molecular species of choline lysophospholipids upon incubation of lyophilized and fresh myocardial tissue in buffer containing EGTA/EDTA [3] . The assay monitors phospholipase A, catalyzed hydrolysis of both endogenous phosphatidylcholine and plasmenylcholine by measurement of the corresponding products, I-acyl-LPC and lysoplasmenylcholine, respectively. These experiments showed no change in either myocardial choline lysophosholipid content or calcium-independent phospholipase A, activity after 15 min of global ischemia, but an increase in choline lysophospholipid content (Table 1) was accompanied by a significant decrease in calcium-independent phospholipase A, activity after 60 min of ischemia (Fig. 4) . This is the first report of inhibition of calcium-independent phospholipase A, activity by prolonged myocardial ischemia.
The main phospholipase A, activity in lyophilized rabbit myocardium exposed to 15 min of ischemia was calcium-independent. This activity was temperature- (Table  3) . calcium- (Fig. 1, Table 2 ) and pH-sensitive (Fig. 1) . The presence of 10 mM calcium inhibited this activity by about 35 and 25% in control tissue and tissue subjected to 15 min of ischemia, respectively (Table 2) . Others have also reported inhibition of calcium-independent phospholipase A, activities in myocardium [2] and in other tissues by calcium [7-lo] . However, cardiac tissue rendered ischemic for 60 min showed depressed calcium-independent phospholipase A, activity with no difference in phospholipase A, activity upon incubation with EGTA/EDTA compared to 10 mM calcium. This may reflect an inhibitocq effect of calcium overload following 60 min of global ischemia, which is consistent with the observed development of contracture after only 46 min of ischemia. The decreased phospholipase A, activity in the presence of EGTA/EDTA following 60 min of ischemia may reflect redistribution, inactivation or degradation of the calcium-independent enzyme following prolonged ischemia. Alternatively, the incubation with EGTA/EDTA may have inadequately chelated the calcium load in key intracellular compartments. Additional studies will be required to address these possibilities.
Cardiac tissue that was perfused for 15 min and tissue that was exposed to 15 min of global ischemia displayed substantially greater rates of accumulation of all studied lysophospholipid species in the absence of calcium (i.e., in the presence of EGTA/EDTA) than in the presence of 10 mM calcium. The relative increase was most pronounced in 16:0-lysoplasmenylcholine, with a lo-fold increase over baseline following 15 min of incubation in vitro. The relative increases in the I-acyl-LPC species were about 4-fold in oleoyl-and palmitoyl-LPC, and only 2-fold in stearoyl-LPC. Interestingly, incubation of tissue exposed to 60 min of ischemia produced about a 5-fold lower rate of lysophospholipid accumulation compared with control perfused tissue and tissue exposed to 15 min of ischemia (Fig.  2) . Because the net lysophospholipid accumulation is dependent on both the phospholipase A, activity and the metabolism of the formed lysophospholipids, differences in the rates of metabolism of the individual species might also account for differences in net accumulation. However, the rates of metabolism of all studied lysophospholipids did not differ when incubation was performed in the absence of calcium (Table 5 ). In the presence of calcium only oleoyl-LPC and stearoyl-LPC showed a higher rate of metabolism in tissue exposed to 15 min of ischemia. When metabolism was taken into account, the total calcium-independent phospholipase A, activity did not change in tissue exposed to 15 min of ischemia, but it significantly decreased in tissue exposed to 60 min of ischemia.
When calcium-independent phospholipase A, activity was studied in fresh myocardial tissue, the activity was considerably less than that found in lyophilized tissue ( Table 6 ). Lyophilization of the tissue may therefore be causing activation and/or stabilization of the enzyme(s). Although the biophysical basis for this effect of lyophilization is not known, we speculate that removal of water from the tissue may cause a mechanical translocation of the enzyme(s) to the membranes and thereby facilitate activation of the enzyme(s) upon rehydration. However, lyophilization also seems to stabilize the activity because, in contrast with lyophilized tissue, the enzymatic activity in fresh tissue was short-lived.
Our results showing no significant change in myocardial calcium-independent phospholipase A, activity after 15 min of global ischemia contrast with previous reports of a lo-fold increase in membrane-associated calcium-independent phospholipase A, activity in isolated rabbit hearts exposed to 15 min of global ischemia [l,l 11 . However, the detection of that increase in membrane-associated phospholipase A, activity was entirely dependent on the use of radiolabeled plasmenylcholine, a plasmalogen substrate [l] . There are actually many differences between the phospholipase A, assay used by Hazen et al. and the assay employed in the present study. The main difference is the enzyme preparation. Hazen et al. studied the microsomal phospholipase A, activity whereas we have studied the activity in either fresh whole cells or in rehydrated lyophilized myocardium. Furthermore, the present study addresses the rate of hydrolysis of the endogenous choline phospholipid pool. In earlier studies of the microsomal phospholipase A 2, hydrolytic activity was assessed by ethanolic injection of either phosphatidylcholine or plasmenylcholine substrate. This is a source of concern because the physical structure of the substrate aggregates may vary dramatically with the chemical structure of the exogenously added phospholipid species [12, 13] . Furthermore, a vast number of phospholipid species occur naturally in membranes in a complex structure together with proteins and other components. The phospholipase A, assay used in this study, monitoring hydrolysis of the endogenous phospholipid substrates presumed to be primarily in membranes, should therefore be a more reliable predictor of the in vivo situation with regard to possible substrate selectivity.
Our studies of the myocardial calcium-independent phospholipase A, activity after 15 min of global &hernia showed no selectivity for plasmenylcholine as judged from the increases in palmitoyl-LPC and 16:0-lysoplasmenylcholine (Table 2) . It is not clear from the present study whether the calcium-independent phospholipase A 2 activity we have characterized in control and ischemic rabbit myocardium is due to the same enzyme(s) reported by Hazen et al. in the microsomes [l] . It is possible that our measurements reflect the activity of several calciumindependent phospholipase A, isoenzymes of which the microsomal enzyme is only one.
The apparent discrepancy between the significant accumulation of choline lysophospholipids in the isolated rabbit heart after 60 min of global ischemia and the significant decrease in myocardial calcium-independent phospholipase A, activity in vitro is difficult to explain. It is of interest to note that the time to contracture in the isolated rabbit heart was 46 min, and 15 min of global ischemia, which did not cause any significant lysophospholipid accumulation, is therefore not causing an irreversible insult to the heart. The increased accumulation of the lysophospholipids after 60 min of ischemia could indicate an increased calcium-dependent and/or calcium-independent phospholipase A, activity in the isolated heart, but it could also be due to changes in the metabolism of lysophospholipids. However, our studies of the metabolism of exogenously added choline lysophospholipids did not indicate a decrease in the metabolism during ischemia. How the accumulation of lysophospholipids during global cardiac ischemia is related to the accumulation of lysophospholipids during incubation of tissue remains therefore to be established.
The present study raises some questions about the role of phospholipase A, in myocardial ischemia. During the course of ischemic tissue injury, membrane phospholipid breakdown leads to accumulation of fatty acids and lysophospholipids. These changes in phospholipid composition have been attributed mainly to phospholipase-AZ-induced hydrolysis of membrane phospholipids. However, Zager et al. found in a recent study that addition of pancreatic phospholipase A,, rather than causing cell injury, actually conferred a marked cytoprotective effect against hypoxic cell death in isolated rat renal tubular segments [ 141. These results suggest that the exogenously added phospholipase A, actually helped the tubular cells withstand hypoxic cell death. It could therefore be speculated that the characterized myocardial calcium-independent phospholipase A, activity may play a pivotal role in maintaining membrane structure and function in normal physiology, and that the loss of this activity could exacerbate the ischemic injury. Whether preservation of the myocardial phospholipase A, activity during ischemia would be cardioprotective remains to be established.
In summary, we have shown that myocardial calciumindependent phospholipase A, activity is significantly de-creased after a prolonged period of global ischemia in the isolated rabbit heart. The results are surprising since previous studies have indicated increased activity in a membrane-associated calcium-independent phospholipase A z activity [ 11. Further studies are required to understand the pathophysiological relevance of the loss of this enzymatic activity during &hernia.
